Here, we present results of quantum cascade laser lifetime tests under various aging conditions including an accelerated life test. The total accumulated life time exceeds 1.5 million device·hours. The longest single device aging time was 46.5 thousand hours without failure in the room temperature aging test. Four failures were found in a group of 19 devices subjected to the accelerated life test with a heat-sink temperature of 60 °C and a continuous-wave current of 1 A. Failure mode analyses revealed that thermally induced oxidation of InP in the semi-insulating layer is the cause of failure. An activation energy of 1.2 eV is derived from the dependence of the failure rate on laser core temperature. The mean time to failure of the quantum cascade lasers operating at a typical condition with the current density of 5 kA/cm 2 and heat-sink temperature of 25°C is expected to be 809 thousand hours.
Long term reliability study and life time model of quantum cascade lasers
We started a group of QCL life tests in 2010. A summary of 4 major aging tests is given in Table 1 . Most of them were reported previously after several thousands of hours of aging test passed [6, [11] [12] . Test 1 contains 9 Fabry-Perot (F-P) QCLs, which were mounted on Coppertungsten (CT) mounts and aged with a continuous-wave (CW) current of 0.85A at 20 °C. Test 2 is the accelerated life test. It contains 19 F-P QCLs (on CT mounts), which were aged with a CW current of 1 A at 60 °C. Test 3 contains 12 distributed-feedback (DFB) QCLs (on CT mounts), which were aged with a quasi-CW (QCW) current with 50% duty cycle of 0.37 A at 25 °C. The details of lasers structures, testing conditions, and preliminary results of test 1, 2, and 3, were reported in references [6] , [11] , and [12] , respectively. Test 4 contains 12 uncoated F-P QCLs, which were mounted epi-down on silicon-carbide (SiC) submounts, which were further mounted on D-mounts, rectangular mounts made from copper-tungsten. Every QCL contains a core of 31 active stages, with a gain peak wavelength at 4.6 μm. The growth, fabrication, and characterization of these chips are similar to those reported in reference [11] . The 12 F-P QCLs were aged with a QCW (50% duty cycle, 166.7 Hz pulse rate) current of 1 A. The aging temperature was set at 60 °C initially, and was later changed to 45 °C so that we could combine it with some other tests together in our life test system. All QCLs discussed here were processed as buried heterostructure (BH) lasers, and laser cores are buried about 4 ~5 μm deep beneath the metal layer. The fabrication processes of those lasers were identical (with the exception of grating definition for DFB wafers), but stripe widths of lasers within the tests vary by a few μm due to the variation in stripe widths on the mask used for fabrication. In each test, all lasers were connected in series, and a fixed current was used, therefore the variation of stripe width resulted in differences in output power from each device during the life test.
The in-situ power and voltage monitoring data as a function of aging time of test 1 are shown in Fig. 1 . Judging from the voltage readings, we conclude that all 9 QCL chips survived CW aging with an aging time close to 47000 hours. In the power reading data, 3 devices showed signs of degradation. However, we took those devices out of the life test system and measured pulsed and CW light-current-voltage (LIV) characteristic curves with a calibrated power meter [6] . By comparing the LIV data before and after the life test, as shown in Fig. 2 (a), it was apparent that the devices had not degraded. The output power of these devices after aging remained the same or even become higher than those measured before aging. We believe that the power reading decreases in the life test system may came from either a degradation of thermal contact between the submounts and the heat-sink plate or a degradation of thermopile detectors used in the system.
The power and voltage data of QCLs in test 2 are shown in Fig. 3 . In this test, 3 devices failed at 25000, 34000, and 38500 hours of aging, respectively, with sudden large voltage drops.
In the power reading, an additional 8 devices showed signs of degradation. However, our LIV tests of the 8 devices showed that 7 out of the 8 devices had CW LI curves after aging similar to those before aging. One example is shown in Fig. 2 (b) . Hence, these 7 devices are not considered failures. We believe that the reason for the decrease in power readings is same as discussed above. Only one device, L2-17, showed a power drop of 70% (much higher than the 20% we consider as a failure criteria) and a threshold increase of 0.2A in a pulsed LIV. Thus, we consider this device to be a failure. Therefore, we count a total of 15 devices that passed the accelerated aging of 39000 hours.
In test 3, the power and voltage readings of the 12 DFB QCLs have not shown any significant drift from the latest reported data [12] . Therefore the plots power and voltage readings as function of aging time are not shown here.
The power and voltage readings of 12 F-P QCLs on SiC submounts are shown in Fig. 4 .
The temperature of the plate was changed from 60 °C to 45 °C at 8500 hours of aging. There are two sections (around 8800 and 10000 hours) where the voltage readings are lower than normal values because the current and temperature settings in the system were slightly different from desired values due to set point errors. 3 devices did not lase at either 60 °C or 45 °C plate temperatures, due to high threshold currents. The voltage readings of the 3 devices were normal, except one showed a noisy signal. This was most likely due to an imperfect electrical contact after the temperature was changed. Nevertheless, 12 devices passed 12600 hours of QCW aging, and no sign of degradation was found in this batch of devices.
With the 4 life tests, we accumulated aging data of 1.5 million device·hours in total. In test 2, we observed 4 failures. Based on the variation of stripe widths of the 19 F-P QCLs, we summarized the information such as aging current density, and estimated the average core temperature, in Table 2 . The thermal impedances were derived by combining measurements in DFB QCLs in [12] with the trend of thermal impedances vs. stripe width in [13] . We further estimated the failure rate (FR) at 60% confidence, and at each configuration (stripe width) based on the formula [14] :
where t tot is the total device·hours of aging, N is the number of failures, and γ is a factor that varies with N. If there is no failure, N is still treated as 1, but γ is 0.92. Otherwise, γ equals to 2.02, 1.55, or 1.39, if the number of failures is 1, 2, or 3, respectively. We plot FR as function of current density in Fig. 5 (a) . If we assume that the failure is solely accelerated by current density, we can roughly estimate the exponential index n as 3.2 in the dependence expression:
based on the fitting curve, where J is the current density. We also plot FR as function of the core temperature in Fig. 5 
(b). If the failure in the life test is solely thermally accelerated, we can roughly estimate a thermal activation energy E a as 1.2 eV, with the expression FR ∞ exp(-E a /kT),
where T is the core temperature. With a proper estimation of n or E a , a mean time to failure (MTTF) of the QCL devices at certain working conditions can easily be predicted, as shown in failed QCL, L2-17, which had a significant power decrease, was found to have an intact facet. However, an unknown belt shape dark substance was observed on the front facet, as shown in Fig. 6 (a) . It seems that the dark substance partially covers the laser core area and results in a degradation in output power. The dark substance was also observed on facets of many other QCLs from test 2, including the devices that failed catastrophically. The position and shape of the dark substance coincide with those of the semi-insulating (SI) InP layers. Unlike that on device L2-17, the substance on other survived devices did not cover the laser core area, and the performance of those devices was not impacted. For the devices that failed catastrophically, we attribute the failures to additional stress resulting from a higher temperature increase at the laser facets due to absorption of the optical power by the dark substance near the laser core.
Scanning Electron Microscope (SEM) with Energy-Dispersive X-ray spectroscopy (EDX) analysis showed that the dark substance did not contain elemental carbon and is not organic contamination but instead contained oxygen, as shown in the inset of Although we don't know exactly why the oxidization would start near the SI InP, we suspect that the iron in the SI layer somehow helped or initiated this process. On the other hand, the oxidation behavior is not found in any other device in the other 3 tests, which have lower test
temperatures. This suggests that a high temperature is essential for the oxidation process. With this finding we believe that the failures observed in test 2 are thermally induced.
In summary, we have performed a study of four QCL life tests, including both F-P and Table 2 . The summary of stripe widths, size of sample, current densities, total device·hours, number of failures, and failure rate of each configuration in test 2. 
